Macromolecular crowding extends the range of ionic conditions supporting high DNA polymerase reaction rates. Reactions tested were nick-translation and gap-filing by DNA polymerase I ofEscherichia coli, nuclease and polymerase activities of the large fragment of that polymerase, and polymerization by the T4 DNA polymerase. For all of these reactions, high concentrations of nonspecific polymers increased enzymatic activity under otherwise inhibitory conditions resulting from relatively high ionic strength. The primary mechanism of the polymer effect seems to be to increase the binding of polymerase to DNA. We suggest that this effect on protein-DNA complexes is only one example of a general "metabolic buffering" action of crowded solutions on a variety of macromolecular interactions. Reactions were terminated by chilling and adding 0.20 ml of 10 mM Na4P207, 0.4 mg of bovine plasma albumin per ml, and 2 mM EDTA followed by addition of 0.20 ml of 10% trichloroacetic acid. After 5 min at 0C, the mixtures were centrifuged. For nuclease assays, aliquots of the supernatant fluids were neutralized and plated. For polymerase assays, the supernatant fluids were discarded and the pellets were washed twice by redissolving in 0.1 ml of 0.1 M NaOH and precipitation with 0.4 ml of5% trichloroacetic acid before finally redissolving in 0.4 ml of 2 M NH40H and plating. 32P was measured with a low background (0.5 cpm) end-window gas-flow counter (Tracerlab, Waltham, MA 
tions resulting from relatively high ionic strength. The primary mechanism of the polymer effect seems to be to increase the binding of polymerase to DNA. We suggest that this effect on protein-DNA complexes is only one example of a general "metabolic buffering" action of crowded solutions on a variety of macromolecular interactions.
The high concentrations of macromolecules within living cells (1) may be expected to alter many cellular reactions (2, 3) . We have been particularly interested in the effects of such crowding on interactions of nucleic acids with themselves or with proteins (4-7) and here extend these studies to the DNA polymerase reaction. We find macromolecular crowding causes significant increases in the binding of DNA polymerase I (Pol l) of Escherichia coli or the T4 DNA polymerase to their template primers (see ref. 8 for review of DNA polymerases and related nucleases). These increases in binding are large enough to counterbalance the otherwise strongly inhibitory effects of high ionic strength, inhibitory effects that are readily tolerated by the organism but that cause large decreases in enzyme activity when assayed in vitro. Crowding effects may thus increase the range of internal environments in which the cell works efficiently as compared to the more restricted range of environments supporting high activity of isolated, purified components.
MATERIALS AND METHODS Enzyme Assays. All polymerase and nuclease assays (in 10 IlI total volume) contained (9) 32 mM Tris HCl buffer (pH 8 .0), 3 mM MgCl2, 1.3 mM dithiothreitol, and 2 ,l of enzyme dilution using a diluent of 20% (wt/vol) glycerol, 10 mM potassium phosphate buffer (pH 7.3), 1 mM dithiothreitol, and 50 ug of bovine serum albumin per ml. Substrates for the individual assays were added as follows: polymerase activity of Pol I or of the large fragment of Pol I assayed with dA"*dT1O, 7.5 jig of dAn per ml, 0.38 ,ug of (pdT)jo per T-70 in this latter system (data not shown) were similar to those from the nick-translation assays shown in Fig. 1 A and 
B.
A polymer-dependent extension of the range of salt concentrations yielding high nick-translation activity also occurred for several salts other than KC1. These salts, which are important intracellularly (11) (12) (13) (14) , are potassium phosphate, potassium glutamnate, and MgCl2 ( Fig. 3 A-C Increased salt concentrations increase the DNA concentration required for maximal Pol I activity as illustrated in Fig. 4 (0 vs. 0.2 M KCl curves without PEG). Addition of PEG tended to prevent this salt-dependent effect (Fig. 4) . A series of similar experiments indicate that addition of a polymer such as PEG 8000 or dextran T-70, which tends to prevent the salt inhibition of polymerase activity (Fig. 1 A 16) , which contains only a single nuclease activity in addition to its polymerizing activity, was used to examine this question. The effects of several polymers and control materials on the polymerizing and on the 3' -+5' exonuclease activities of the fragment (Fig. 5 A and B) were generally comparable to each other and to the effects on the Pol I polymerizing activity described above.
Changes in the Km for DNA for the polymerizing and nuclease activities of the fragment due to addition of PEG 8000 are summarized in Table 2 . Again, the general response to changes in the KCl and polymer concentration for these activities was similar to that for the nick-translation reaction of Pol I ( T4 DNA polymerase. We have measured the effects of the same group of polymers and control materials tested in the preceding sections on the polymerizing activity of T4 DNA polymerase (Fig. 6 ). These materials caused changes that were generally similar to those that they caused on the Pol I-related activities described above. Changes in the apparent affinity constants for the polymerizing activity ofthe T4 DNA polymerase system (Table 3 ) also were consistent with the pattern of changes seen with the other activities.
DISCUSSION
Several groups have reported stimulation of DNA replication systems by high concentrations of polymers (17) (18) (19) (20) . The influence ofthe polymer was originally suggested (17) to arise from an increase in the effective concentrations of the macromolecular reactants due to excluded volume effects, and in two cases the polymer effect was found to be obviated by raising the concentrations of purified protein components (21, 22) . We have examined a number of polymerase-related systems and find a general pattern of polymer-induced changes that is consistent with this original suggestion and that has a number of implications for the roles of crowding in vivo and its use in vitro.
The activities that we have tested are the 3' -* 5' exonuclease activity of the large fragment of Pol I of E. coli as well as the polymerization activity of Pol I, of its large fragment, or ofT4 DNA polymerase. In all of these cases, the characteristic effects of crowding on enzyme activity seem to be a direct result of increased binding of enzyme to DNA. Two conditions must be satisfied to get such increased binding (2, 3 binding is affected by crowding commonly occur within living cells (11) (12) (13) (14) (25) (26) (27) . Further, Epstein and Schultz (26) indicate that in response to high extracellular KCl concentrations, the intracellular K+ concentration in E. coli can rise to >0.5 M-yet even under these conditions the rate of cell duplication is relatively unaffected. We suggest that crowding may be an important mechanism in vivo for extending the range of intracellular environments to which the organism can successfully adapt.
In addition to such effects on the total amount of binding, crowding might also influence the relative amounts of competing binding reactions. For example, the ratio of base sequence-specific binding to nonspecific binding (14, 28) might be altered, particularly if there are significant conformational differences between the protein-DNA complexes involved in the two modes. Further, crowding effects could modulate the control of protein-nucleic acid reactions by changes in ionic concentrations, as was proposed by Record and colleagues for systems such as transcription by RNA polymerase that are exquisitely sensitive to small changes in salt concentrations (14, 29) .
Other reactions that will be altered by changes in the binding reaction are those resulting in denaturation of en- An inhibition by salts such as that that we observe here has been seen in many other protein-nucleic acid interactions. The origin of the salt inhibition is presumably at least in part a weakening of nonspecific electrostatic attractive forces between protein and nucleic acid causing an increase in the rate constant for dissociation (14, 30) . The current assay systems were chosen to help assess the relevance of in vivo crowding effects and are poorly suited for detailed mechanistic studies. Such studies with more direct binding assays might provide interesting data on the energetics of crowding.
We have looked unsuccessfully for a change in polymerase processivity in response to crowded conditions using the large fragment of Pol I in an assay system similar to that of Fairfield et al. (31) . At least under the particular set of reaction conditions tested (16), processivity was not significantly changed by high concentrations of PEG 8000 or dextran T-70. Further study of crowding effects on processivity may be indicated. Ollis and colleagues (32, 33) Finally, whatever the importance of crowding turns out to be with regard to in vivo reactions, it provides yet another parameter that can be exploited in vitro. Polymerase or other reactions carried out in crowded solutions at high salt concentrations, at elevated temperatures, or under other unusual conditions may be useful in particular contexts.
